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Distinct Role of Surface Lymphotoxin Expressed
by B Cells in the Organization of Secondary Lymphoid
Tissues
expressed by B lymphocytes that play key roles in these
processes (Fu and Chaplin, 1999; Schiemann et al.,
2001). One such cytokine is the transmembrane surface
lymphotoxin (LT), which consists of LT and LT, mem-
bers of the tumor necrosis factor (TNF) family (Browning
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et al., 1993; Locksley et al., 2001). Other members ofand Sergei A. Nedospasov1,2,4
this family, such as TNF, CD40, TRANCE, and BAFF,1Laboratory of Molecular Immunology
are also involved in regulation of the immune response,Engelhardt Institute of Molecular Biology and
lymphoid organogenesis, and maintenance of the sec-Belozersky Institute of Physico-Chemical Biology
ondary lymphoid organs (Locksley et al., 2001; Fu andMoscow 119991
Chaplin, 1999). Surface lymphotoxin exists as a distinctRussia
heterotrimeric complex LT2/LT1 (Browning et al., 1993,2 Basic Research Program
1995) and engages the LT receptor, which is expressedScience Applications International
by many cell types of nonlymphoid origin (Crowe et al.,Corporation Frederick and
1994; Murphy et al., 1998). LT can also form the solubleLaboratory of Molecular Immunoregulation
homotrimeric complex LT3, which signals throughCancer and Developmental Biology Laboratory
TNFRI, TNFRII, and probably the Herpesvirus entry me-Center for Cancer Research
diator (HVEM), but not through the LT receptor (LTR)National Cancer Institute Frederick
(Browning et al., 1995). Expression of LT mRNA by BFrederick, Maryland 21702
cells is inducible (Browning et al., 1993; Worm and Geha,3 The Jackson Laboratory
1994), while expression of LTmRNA is apparently con-Bar Harbor, Maine 04609
stitutive (Worm and Geha, 1994; Pokholok et al., 1995).
Nevertheless, the expression of surface LT depends
on the formation of complexes with LT (Browning et al.,Summary
1995). Surface LT stimulates expression of homeostatic
chemokines by stromal cells in the spleen (Ngo et al.,In order to definitively ascertain the functional contri-
1999; Shakhov et al., 2000). B lymphocyte chemoattrac-bution of lymphotoxin (LT) expressed by B cells, we
tant (BLC) expressed by these stromal cells stimulatesproduced mice with the LT gene deleted from B cells
B cells to upregulate surface expression of the LT com-(B-LTKO mice). In contrast to systemic LT deletion,
plex. This provides a positive feedback loop essentialin B-LT KO mice only splenic microarchitecture was
for the organization of lymphoid follicles (Ansel et al.,affected, while lymph nodes and Peyer’s patches (PP)
2000).were normal, except for PP’s reduced size. Even
Two principal problems make it difficult to gain a clearthough B-LT KO spleens retained a small number of
understanding of the role of LT (and other cytokines)follicular dendritic cells (FDC) which appeared to be
in secondary lymphoid tissue organogenesis. First, thedependent on LT produced by T cells, IgG responses
same cytokines can be produced by multiple cell typesto sheep red blood cells were markedly reduced. Thus,
within these organs. In addition to B cells, LT can bethe organogenic function of B-LT is almost entirely
produced in vivo by T and NK cells and by recentlyrestricted to spleen, where it supports the correct
characterized CD4CD3IL7RCXCR5precursor cells,lymphoid architecture that is critical for an effective
which are critical for the development of lymph nodeshumoral immune response.
(LN) and Peyer’s patches (PP) (Ware et al., 1992; Mebius
et al., 1997; Honda et al., 2001). Second, cytokines of
Introduction the TNF family may have seemingly redundant effects
on lymphoid organogenesis. Since TNF and LT share
B lymphocytes localize to morphologically and function- some of the same receptors and downstream signaling
ally distinct compartments of secondary lymphoid or- molecules, in retrospect it is not surprising that the phe-
gans depending on the stage of their maturation. B cells notypes of TNF and LT knockout mice partially overlap.
do not only migrate to lymphoid organs for initiation and In the spleen, deficiencies of either LT or TNF resulted
development of the immune response but also provide in the loss of primary B cell follicles, germinal centers
signals to maintain the fine microarchitecture of second- (GC), and follicular dendritic cell (FDC) networks, disrup-
ary lymphoid organs (Fu and Chaplin, 1999; Cyster et tion of stromal structure, and reduction of chemokine
al., 2000). Such maintenance is important for proper expression (De Togni et al., 1994; Koni et al., 1997; Alim-
immune responses and may be disturbed in various zhanov et al., 1997; Futterer et al., 1998; Le Hir et al.,
diseases, such as rheumatoid arthritis and HIV infection 1996; Pasparakis et al., 1996; Korner et al., 1997; Ku-
(Kratz et al., 1996; Takemura et al., 2001; Smith et al., prash et al., 1999). Studies using adoptively transferred
2001; Poudrier et al., 2001). Recent studies identified a bone marrow or splenocytes to immunodeficient hosts
number of specific cytokines and cytokine receptors suggested that B cells expressing both membrane LT
and TNF play a major role in the organization of B cell
follicles, development of FDC in the spleen, and the4 Correspondence: snedos@online.ru (S.A.N.), tumanov@imb.ac.ru
(A.V.T.) generation of specific IgG responses (Fu et al., 1998;
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Gonzalez et al., 1998; Endres et al., 1999; Ngo et al., than in the spleen of LT floxed Cre-negative control
mice, suggesting that approximately 40% of LT ex-2001). In addition, soluble LT (Kratz et al., 1996), soluble
TNF (Ruuls et al., 2001), and TNF expressed by T cells pression is contributed by cells other than B lympho-
cytes.(Wang et al., 2001) were implicated in organogenesis of
the spleen.
The molecular mechanisms involved in the organiza- Inactivation of LT in B Cells Results in Partial
tion of LN and PP are even less well defined. Earlier Disruption of B Cell Follicles, the Marginal Zone,
studies suggested that signals provided by both T and and FDC Networks and in Defective Development
B cells are important for the maturation of FDC in LN of GC in Spleen
(Kapasi et al., 1993). More recent reports provided evi- Spleens from wild-type (WT) LT floxed control, LT KO
dence for different roles of LT and TNF signaling in the mice, and B-LTKO mice were examined by immunohis-
maintenance of lymphoid structure in spleen and LN (Fu tochemistry (Figure 2A). Peanut agglutinin (PNA)-posi-
et al., 1997; Ettinger et al., 1998; Rennert et al., 1998); tive clusters normally seen in WT mice after immuniza-
however, the role of LT produced by specific cell types tion were virtually undetectable in B-LT KO mice.
was not studied in detail. However, a few IgD-negative areas typical of GC were
One way to understand the complicated process of still apparent in B-LT KO spleens, although greatly
secondary lymphoid tissue organogenesis is to dissect reduced compared to WT spleens. Staining for B cells
it using technology that allows cell lineage-specific gene revealed substantial disturbance of B cell follicles, but
targeting. In this study, we focused on surface LT pro- not to the extent observed in mice with complete LT
duced by B lymphocytes. The LT-encoding gene was KO (Koni et al., 1997; Alimzhanov et al., 1997). T cell
deleted from B cells by means of Cre-LoxP technology areas were not disturbed in the spleens of B-LT KO
(see Lewandoski, 2001, for recent review). Our results mice and apparently contained normal numbers of T
reveal specific functions of LT expressed by B cells in cells (Figure 2A). Taking into consideration the very high
the organization of secondary lymphoid organs and the efficiency of deletion of the LT gene in B cells and the
generation of T cell-dependent antibody responses. previously demonstrated primary role of B cells in FDC
development in the spleen (Gonzalez et al., 1998; Fu et
al., 1998; Endres et al., 1999), we expected that FDCResults
would be completely absent in the spleens of B-LT KO
mice. However, FDC networks, although largely reducedInactivation of the Lymphotoxin  Gene in B Cells
Mice with the ltb gene tagged for subsequent condi- compared to WT mice, could still be detected by anti-
CR1 staining in B-LT KO spleens (Figure 2A). In con-tional inactivation (LT “floxed” mice) were generated
(Figure 1A and see Supplemental Data at http://www. trast, spleens of LT KO mice completely lacked FDC
(Koni et al., 1997; Alimzhanov et al., 1997; and Figureimmunity.com/cgi/content/full/17/3/239/DC1) and
showed no phenotypic abnormalities (data not shown). 2A). Semiquantitative morphometric analysis showed
that the number of CR1-positive cells in B-LT KOThen, LT floxed mice were crossed to CD19Cre knock-
in mice (Rickert et al., 1997), resulting in the generation spleens was about 15%–20% of the number of FDC
found in the spleens of WT mice (Figure 2A, compareof mice with B cell-specific LT deficiency (B-LT KO
mice). middle and left columns). CR1-positive cells found in
the spleens of B-LT KO mice did not form organizedIt was critical for all of our subsequent experiments
to show that deletion of LT from B cells was complete, clusters as observed in the spleens of WT mice. How-
ever, the residual CR1 staining was appropriately posi-and we used several approaches to prove that. First,
we sorted B cells from the spleens of B-LTmice, using tioned within IgD-negative areas of reduced GC (Fig-
ure 2A).FACS with either anti-CD19 or anti-B220 antibodies, and
prepared genomic DNA for Southern analysis. This anal- LT KO mice completely lack marginal zone (MZ) in
the spleen (Alimzhanov et al., 1997). To analyze whetherysis showed that deletion occurred specifically in B cells
with very high efficiency (98%) (Figure 1B). No detect- B-LT plays a role in the organization of the MZ, we
labeled frozen spleen sections with antibodies to severalable deletion of LT was found in other organs such as
thymus, liver, or kidney (Figure 1B and data not shown). MZ-specific molecules. Staining for MOMA-1 (Kraal and
Janse, 1986), sialoadhesin (CD169) (van den Berg et al.,Second, LT mRNA was not detected in B cells purified
from anti-CD40-activated splenocytes (Figure 1C). 1992), ER-TR9 (Van Vliet et al., 1985), and MAdCAM-1
(Kraal et al., 1995) was greatly reduced in B-LT KOThird, no expression of the LT complex was observed
on B cell gated fraction of PMA-activated splenocytes spleens (Figure 2B), and the population of MZ B cells
(Kraal, 1992) was significantly reduced both by immuno-from B-LTmice stained with the LTR-Ig fusion protein,
while the expression of LT on T cell fraction was not histochemistry (Figure 2B, top row) and by flow cytome-
try (data not shown). This observation suggests thataffected (Figure 1D). Thus, the deletion of LT from B
lymphocytes appeared to be complete and selective. the organization of the MZ is largely dependent on LT
produced by B cells. On the other hand, residual stain-Importantly, the expression of two other genes in TNF/
LT locus, TNF and LT, was not affected (Figure 1C and ings remained distinct and clearly detectable; in particu-
lar, staining by PNA (Figure 2A), MAdCAM-1, and sialo-data not shown).
To analyze the contribution of LT produced by B adhesin (Figure 2B) indicated that marginal sinus was
still present in B-LT KO spleen (in contrast to the LTcells to the total production of LT in the spleen, splenic
mRNA from B-LT KO mice was hybridized with an KO spleen; compare middle and right columns, Figure
2B). These results suggest a distinct contribution of LTLT-specific probe (Figure 1E). LT expression was ap-
proximately 60% lower in the spleen of B-LT KO mice produced by non-B cells and are consistent with the
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Figure 1. LT Gene and Expression Analysis
in B-LT KO Mice
(A) Configuration of the ltb gene in LT floxed
mice. A, AflII; E, EcoRI; M, MluI; S, SpeI; X,
XbaI.
(B) Southern blot analysis of B-LT KO mice.
B cells were purified from spleen by FACS
using anti-CD19 and anti-B220 antibodies.
Positive and negative fractions (marked as
“” and “”) were collected and used for
Southern analysis. Genomic DNA was di-
gested by BamHI. Hybridization with a 1.1 kb
HindIII/EcoRI mTNF probe (GenBank
U06950, nucleotides 8745–9844).  indicates
mutant allele. Deletion of the LT gene is spe-
cific to B cells with high efficiency (98%).
No deletion was detected in the thymus and
in CD19- and B220-negative fractions.
(C) Multiprobe RNase protection assay of
RNA from purified anti-CD40-activated B
cells. Probe set mCK3b (Pharmingen).
(D) Surface expression of the LT complex on
PMA-activated splenocytes. PMA-activated
splenocytes from B-LT KO and WT mice
were stained with the LTR-Ig protein. Histo-
grams indicate expression of the LT complex
on gated T and B cells.
(E) Northern analysis. LT expression in the
spleen of B-LT KO mice. Hybridization with
a 0.5 kb MboI “ER4” mLT probe (GenBank
U06950, nucleotides 4534–5041).
observation that SCID mice lacking lymphocytes retain partially blocked. To analyze memory IgG responses,
mice were immunized with SRBC 3 months after primaryMAdCAM-1 expression in the spleen (Gonzalez et al.,
1998). immunization. Sera were collected on day 5 because at
this stage only memory B cells can produce a sufficientThus, B-LT deficiency results in a partial disruption
of B cell follicles and the MZ in the spleen and in a amount of SRBC specific IgG antibodies. We found that
memory IgG responses were significantly reduced indefective development of GC upon immunization, indi-
cating the primary role of LT produced by B lympho- B-LT KO mice compared to WT mice (Figure 3C), al-
though not to the extent exhibited by mice with completecytes in maintaining splenic structure. However, these
results also revealed the contribution of LT expressed LT deficiency.
In order to evaluate the extent of antibody affinityby non-B cells to the organization of normal spleen ar-
chitecture. maturation (Rajewsky, 1996), mice were immunized with
NP-KLH precipitated on alum, and the level of anti-NP
IgG response and the relative affinity for NP were deter-B-LT KO Mice Show Impaired Primary and Memory
mined using different NP-BSA substrates. We observedIgG Responses to T Cell-Dependent Antigen SRBC
that affinity maturation was only slightly reduced inTo analyze the functional response of B-LT KO mice
B-LT KO mice, in contrast to complete LT KOto T cell-dependent antigens, we immunized mice with
(Figure 3D).sheep red blood cells (SRBC). It was previously shown
Thus, LT produced by B cells is critically requiredthat mice with complete LTdeficiency failed to produce
for normal IgG responses and the generation of B cellIgG antibodies to SRBC due to impaired IgG switch
memory but not for antibody affinity maturation.and affinity maturation (Koni et al., 1997). Although GC,
reduced both in size and in number, were retained in
the spleen (Figure 2A), B-LT KO mice failed to develop T Cells Complement B Cells to Provide
LT Signal for FDC Developmentnormal specific IgG responses to SRBC (Figure 3A).
Interestingly, SRBC-specific IgM levels were not ele- Although reduced to 15%–20% of wild-type levels, FDC
were still present in the spleens of B-LT KO mice (Fig-vated in B-LT KO mice, in contrast to LT KO mice
(Figure 3B), suggesting that class switching was only ure 2A). To test whether the development of these FDC
Immunity
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Figure 2. Defective Spleen Architecture in
B-LT KO Mice
(A) Mice were immunized i.p. with 108 SRBC
and analyzed on day 8. Serial frozen sections
were stained with antibodies: anti-IgD (red)/
anti-CD3 (blue), PNA (red), and anti-CR1 (red).
Magnification is 100. B-LT KO mice dis-
play reduced GC, lack of polarized follicles,
and disruption of FDC networks. Note that
some CR1-positive cells are present in the
spleens of B-LT KO mice.
(B) Structure of the MZ in B-LT KO mice.
Serial frozen sections of nonimmunized mice
were stained with antibodies: anti-IgM (blue)/
MOMA-1 (red), anti-CD169 (red), anti-MAd-
CAM-1 (red), ER-TR9 (red). Note the reduc-
tion of MZ B cells revealed by double IgM/
MOMA-1 labeling. Reduced expression of
MZ-specific markers in B-LT KO mice is
shown by arrows. Original magnification
is 100.
was dependent on bone marrow (BM)-derived cells, we from LT KO mice (Figure 4A, top row). However, these
structures contained reduced, but distinct, FDC clustersadoptively transferred BM from B-LT KO, LT KO, and
WT control mice to irradiated RAG1 KO mice (Figure 4A, very similar to those seen in the spleens of B-LT KO
mice. These results indicate that the residual fraction oftop row). Recipient mice reconstituted with BM from
WT mice developed polarized B cell follicles and FDC FDC present in the spleens of B-LTKO mice is dependent
on LT expressed by BM-derived non-B cells.clusters, in contrast to mice reconstituted with BM from
LT KO mice. BM cells from B-LT KO mice failed to To determine which cell type provides an LT signal in
the absence of the major source of B cell-derived LT,develop B cell follicles, but formed ring-like structures
similar to those observed in chimeric mice given BM we transferred T cell-depleted splenocytes from B-LT
Inactivation of Lymphotoxin- Gene in B Cells
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simultaneous deletion of the LT gene in B and T cells
(see Supplemental Data at http://www.immunity.com/
cgi/content/full/239/DC1). As shown on Figure 4B,
ltbflox/floxcd19cre/wtTglck-Cre mice (T,B-LT KO) completely
lack FDC as examined by labeling with CR1, FDC-M1,
and FDC-M2 antibodies (Kosco et al., 1992) (Figure 4B
and data not shown). The FDC function can be revealed
by their ability to bind immune complexes (IC) (Tew et
al., 1997). The trapping of IC in vitro was greatly reduced
but still detectable in the spleen of B-LT mice, indicat-
ing that the residual FDC appear to mature normally. In
contrast, no IC trapping was observed in double T,B-
LT KO mice (Figure 4B). Thus, inactivation of the LT
signal provided by B cells reveals an additional
LT-mediated contribution of T cells to FDC devel-
opment.
Nearly Normal Chemokine Expression
in B-LT KO Mice
Since BLC is greatly reduced in the spleens of B cell-
deficient mice and LT KO mice (Ngo et al., 1999), it
appears that LT expressed on the surface of B cells is
involved in the regulation of BLC production by stromal
cells. To address this possibility, we analyzed the ex-
pression of BLC in B-LT KO mice. In situ hybridization
with anti-BLC mRNA showed that BLC expression was
only modestly reduced in the spleens (Figure 5A) of
B-LT KO mice but not in LN (data not shown) or PP of
these mice (see below). Northern analysis showed only
a 30% to 50% reduction in BLC expression in the
spleens of B-LT KO mice compared to control mice
(Figure 5B and data not shown). The reduction of BLC
expression in the spleen was not nearly as substantial
Figure 3. Primary and Secondary Antibody Responses in B-LT KO in B-LT KO mice as it was in complete LT KO mice,
Mice where the level of BLC mRNA expression was reduced
(A–C) Mice were immunized i.p. with 108 SRBC. Sera were collected to less than 10% of that in WT mice (Figure 5B). Expres-
on day 21 after primary immunization (A and B). Secondary immuniza- sion of secondary lymphoid tissue chemokine (SLC) was
tion was done 3 months later and sera were collected on day 5 (C).
markedly downregulated by complete LT deficiency(D) Mice were immunized with NP-KLH on alum, sera was collected
(Ngo et al., 1999; Shakhov et al., 2000), but was normalon day 21, and the extent of affinity maturation was evaluated using
in the spleen, LN, and PP of B-LT KO mice both inhigh- and low-affinity NP-BSA substrates. Closed triangles, WT;
gray circles, B-LT KO; open triangles, complete LT KO. terms of its levels and localization (Figure 5 and data
not shown). Thus, the LT-dependent signal provided
by B cells does not appear to be critical for regulation
of expression of BLC and SLC chemokines.KO mice into SCID mice. SCID mice entirely lack FDC
in lymphoid organs (Kapasi et al., 1993; Gonzalez et al.,
1998) and thus serve as a good model for studying LT Expressed by B Cells Is Not Required
for Development of FDC in LNmechanisms of FDC development using adoptive lym-
phocyte transfer. In the control experiment, transfer of B-LT KO mice normally develop all LN, in contrast to
LT KO mice, which develop mucosal LN but lack alltotal splenocytes from B-LT KO mice into SCID mice
induced FDC development to an extent similar to that other peripheral LN (Koni et al., 1997; Alimzhanov et
al., 1997). Mesenteric LN (MLN) found in LT KO miceobserved in B-LT KO mice (Figure 4A, middle row).
Transfer of T cell-depleted splenocytes from B-LT KO showed an abnormally shaped round structure and
mixed T and B cell zones and completely lack FDC (Konimice did not result in the development of FDC in SCID
recipient mice, in contrast to a similar fraction purified et al., 1997; Alimzhanov et al., 1997). Considering the
role of LT produced by B cells in development of FDCfrom spleens of WT mice (Figure 4A, bottom row). These
data suggest that the presence of a minor FDC fraction in the spleen, it is conceivable that LT expressed by
B cells is also required for the development of FDC inin the spleens of B-LTKO mice is not due to insufficient
deletion of the LT gene in B cells but rather due to the MLN. To test this possibility, frozen sections of MLN
from SRBC-immunized B-LTKO, WT, and LTKO micesignals provided by T cells. In order to address whether
one of the possible signals provided by T cells may be were stained with anti-CR1 antibody (Figure 6A). In con-
trast to LN from LT KO mice, LN from B-LT KO micethe surface LT, we crossed B-LT KO mice to mice
expressing Cre recombinase under the control of lck developed B cell follicles containing normal FDC clus-
ters (Figure 6A). These results demonstrate that, in con-promoter (Takahama et al., 1998) to obtain mice with
Immunity
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Figure 4. Generation of FDC in Spleen Is
Controlled by LTExpressed by B and T Cells
(A) Frozen spleen sections were stained with
anti-B220 (green) and anti-CR1 (red) antibod-
ies. Top row: RAG1 KO mice were reconstitu-
ted with 4  106 of BM cells from WT, B-LT
KO, and LT KO mice and analyzed 8 weeks
later. Middle row: SCID mice were reconstitu-
ted with 5 107 of total splenocytes from WT,
B-LT KO, and LT KO mice and analyzed
3 weeks later. Bottom row: SCID mice were
reconstituted with 2  107 of T cell-depleted
splenocytes from WT, B-LT KO, and LT KO
mice and analyzed 3 weeks later.
(B) Frozen spleen sections from nonimmu-
nized mice were labeled with anti-CR1(blue)/
anti-B220(red), FDC-M1 (red), and with per-
oxidase anti-peroxidase complex (bottom
row). T,B-LT KO mice completely lack FDC
in spleen, in contrast to B-LTKO mice where
some FDC are detectable (shown by arrows).
IC trapping is greatly reduced in B-LT KO
mice (shown by arrow) and is completely ab-
sent in T,B-LT KO mice. Original magnifica-
tion is 100.
trast to spleen, the development of FDC in LN is depen- demonstrated an unusual flat shape and reduced overall
size (Figure 6B). Labeling of frozen sections of PP withdent on LT expressed by non-B cells.
anti-CD3 and anti-B220 antibodies showed that PP con-
tained segregated T- and B-cell zones and follicle-asso-Peyer’s Patches in B-LT KO Mice
B-LT KO mice developed normal numbers of PP that ciated epithelium (Figure 6B). Scanning electron micros-
copy revealed normal numbers of M cells (A.V.T. andexhibited an apparently normal multidome structure but
Inactivation of Lymphotoxin- Gene in B Cells
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Figure 5. Chemokine Expression in the Spleen of B-LT KO Mice Is Only Modestly Affected
(A) Mice were immunized i.p. with 108 SRBC and analyzed on day 8. Serial frozen sections were stained for B cells (anti-B220, red) and T
cells (anti-CD3, blue) and hybridized with mRNA for BLC and SLC chemokines. Magnification is 100.
(B) Northern analysis of polyA RNA isolated from spleen.
A.V.C., unpublished data). Labeling of frozen sections in B-LT KO mice was the spleen. The morphological
hallmarks of the LT-deficient phenotype, such as theof PP from B-LT KO mice with anti-CR1 (Figure 6B)
and anti-IgD (data not shown) revealed apparently nor- disruption of MZ and GC, were evident in B-LT spleen,
even though its overall structure was less severely dis-mal FDC and GC. These data suggest that the surface
LT complex expressed by B cells contributes to the turbed as compared to the spleen of LT KO mice.
Interestingly, all major components of the MZ, namelydevelopment of full-sized B cell follicles but is not re-
quired for the development of FDC and compartmental- metallophilic macrophages, marginal sinus lining cells,
MZ macrophages, and MZ B cells were reduced to aization of T and B cells within PP.
similar degree in B-LT KO spleen (Figure 2 and data
not shown), indicating that B cell-derived LT acts onDiscussion
the MZ as a whole, probably via a soluble mediator
expressed by stromal cells. The exact nature of thisTo investigate the specific contribution of LT ex-
pressed by B cells to the pleiotropic function of surface signaling pathway remains to be investigated.
The presence of FDC was strongly reduced in theLT, we deleted the LT gene specifically in B cells using
the Cre-loxP system. Some of the phenotypic features spleens of B-LT KO mice, as expected based on previ-
ous studies that used BM transfers from LT-deficientof B-LT KO mice recapitulated those observed in mice
with complete LT deletion, but several important differ- mice into LT KO or BCR (B cell receptor) KO mice (Fu
et al., 1998; Endres et al., 1999), or transfers of LT-ences highlighted the biological role of LT, and of the
surface LT complex, produced by both B cells and non-B deficient splenocytes into SCID mice (Gonzalez et al.,
1998). Surprisingly, a small number of FDC cells wascells, especially by T cells.
We first addressed the issue of whether deletion of clearly present in B-LT KO spleen (Figures 2A and 4B),
representing a previously unrecognized FDC fraction,LT was complete in our mice. We found no evidence
for the presence of LT-encoding DNA, specific RNA, whose development and maintenance was independent
of the LT signal delivered by B cells.or cell-surface protein in B cells purified from B-LT KO
mice (Figures 1B–1D). Thus, all LT-dependent pheno- What signaling leads to the development of FDC in
the absence of LT on B cells, and what is the celltypic features that were not eliminated by the B-LT KO
are likely to be due to the complementary production source of the proper signal? Previous published experi-
ments have implicated TNF and soluble LT3 producedof LT by other cell types.
The secondary lymphoid tissue most strongly affected by B cells and TNF produced by T cells in FDC develop-
Immunity
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Figure 6. FDC Development and Chemokine
Expression in MLN and PP of B-LT KO Mice
(A) Mice were immunized i.p. with 108 SRBC
and analyzed on day 8. Serial frozen sections
of MLN were stained for B cells (anti-IgD, red),
T cells (anti-CD3, blue), and FDC (anti-CR1,
red). Magnification is 100.
(B) Expression of BLC and CR1 in Peyer’s
patches of B-LT KO. Magnification is 100.
ment (Gonzalez et al., 1998; Fu et al., 1998; Ruuls et al., details of signal exchange between T and B cells in these
mice have yet to be studied. The high IgM response in2001). In this work, we showed that transfer of T cell-
depleted splenocytes from B-LT KO mice into SCID LT KO mice (Koni et al., 1997) was not detected in
B-LT KO mice (Figure 3B), suggesting that primingmice failed to induce the development of FDC in the
recipient’s spleen (Figure 4A). This result suggests that itself was not impaired.
Impaired IgG responses to SRBC in B-LTb KO ap-in the absence of the B-LT FDC may acquire signals
provided by T cells. Moreover, the absence of FDC in the peared to correlate with structural defects in the spleen
of B-LT KO mice: significantly reduced GC formation,spleen of T,B-LT double KO mice (Figure 4B) indicates
that T cell-derived LT complements B cell-derived LT marginal zone, and FDC development. B-LT KO mice
also failed to generate an appreciable memory IgG re-for FDC development in the spleen. It remains to be
determined whether membrane LT complexes on T cells sponse to SRBC (Figure 3C), which is consistent with
the data by Fu et al. (2000) emphasizing the role of LTdirectly interact with FDC precursors or induce the ex-
pression of a soluble factor required for FDC develop- in the maintenance of correct spleen architecture for
the generation of B cell memory. In contrast to impairedment. In the studies that utilized transfer of purified lym-
phocyte subsets (Fu et al., 1998; Endres et al., 1999) to IgG responses to SRBC (Figure 3A), B-LT KO mice
showed almost normal levels of affinity maturation toFDC-deficient host, the apparent absence of B-LT-
independent FDC was likely to result from an incomplete NP-KLH (Figure 3D), suggesting that remaining structure
was sufficient to support this process. In other mutantfunctional competence of donor T cells in BCR KO mice
(Bergmann et al., 2001; Homann et al., 1998; Ngo et al., mice, such as TNF KO mice, mature FDC are absent
and B cell follicles are disturbed, yet they manifest only2001) and in LT KO mice (Guo et al., 2001).
Despite the presence of residual FDC in the spleen, partial or minimal defects in IgG responses (Pasparakis
et al., 1996; Korner et al., 1997). Therefore, cellular andB-LT KO mice failed to generate a prominent IgG re-
sponse to a T cell-dependent antigen SRBC after i.p. molecular components of secondary lymphoid tissue
dependent on surface LT expression and critical forimmunization (Figure 3A). It is clear that at least some
level of signaling needed for the Ig class switch was generation of antibody responses must be better de-
fined in the future studies.acquired by B cells in B-LT KO mice, although the
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The maintenance of the fine microarchitecture of the
spleen is associated with the production of chemokines
that are necessary for correct trafficking of lymphocytes
and DC (Cyster, 1999; Ngo et al., 2001). According to a
previously proposed model (Ansel et al., 2000; Luther
et al., 2000), migrating B cells stimulate stromal cells to
produce BLC, which in turn activates expression of the
LT complex on B cells, providing a positive feedback
loop that organizes B cell follicles and generates the
FDC. We found, however, that expression of BLC in the
spleen was not regulated exclusively by LT expressed
by B cells, because BLC expression was only modestly
reduced in the spleens of B-LT KO mice (Figures 5A
and 5B). Expression of SLC, a ligand for the CCR7 recep-
tor expressed on activated DC (Gunn et al., 1999) and
on activated B cells (Reif et al., 2002), was normal in
the peripheral lymphoid organs of B-LT KO mice, in
contrast to LT-deficient mice (Figure 5 and Ngo et al.,
1999), suggesting that LT expressed by non-B cells is
required for SLC expression. Figure 7. The Role of LT in Generation of FDC in Secondary
Lymphoid TissuesUnlike the complete LT KO, B-LT KO mice devel-
oped all LN and PP. This is likely because our B cell- Signaling through LTR on FDC precursor cells upregulates the
expression of several responsive genes. FDC development in thespecific deletion of LT did not affect LT expression
spleen is predominantly regulated by LT-expressing B cells (thickby CD4CD3IL7RCXCR5 cells, which are critical to
arrow), with a distinct contribution from LT-expressing T cells (thinformation of the anlagen for these organs (Mebius et
arrow). Generation of FDC in LN and PP is independent on the LT
al., 1997; Honda et al., 2001). Importantly, in contrast to complex expressed by B cells. Relative contribution of LT ex-
FDC in the spleen, B-LTKO mice developed apparently pressed on T cells and non-T,B cells into FDC development in LN
normal FDC in LN (Figure 6A). Further analysis of the and PP remains unknown (dashed arrows).
immune responses in B-LT KO mice, including various
routes of immunization, will be needed to determine the
molecular signals required for the FDC development in and PP remains to be elucidated. Heterogeneity of the
LN. Inactivation of LTR and TNFRI signaling by admin- FDC populations has been previously suggested based
istration of soluble LTR-Ig and TNFRI-Ig fusion proteins on the differences in the mechanisms of immune com-
into adult WT mice by injection (Mackay and Browning, plex trapping (Yoshida et al., 1993) and on the origin of
1998; Rennert et al., 1998) or as transgenes (Ettinger et FDC precursors (Tew et al., 1997; Cyster et al., 2000).
al., 1998) resulted in reduction of FDC in LN, suggesting Our model adds an additional feature to the distinctions
that both LT and TNF signaling was required for FDC between FDC subsets: their dependence on LT pro-
development in LN. Our results strongly suggest that duced by different cell types in different secondary
the LT signal required for FDC development in LN is lymphoid organs. These results are important to con-
provided by non-B cells. sider while designing therapeutic strategies based on
The organogenesis of PP is critically dependent on B the inhibition of LTR signaling (Montrasio et al., 2000;
cells (Golovkina et al., 1999). In this study, we report Wu et al., 2001; Mackay et al., 1998).
that PP in B-LT KO mice display reduced size but
Experimental Procedurescontain well-compartmentalized T- and B-cell zones
and apparently normal FDC (Figure 6B). Thus, B cells
Miceprovide the LT signal that is required for the mainte-
B-LT KO mice were generated in this work using loxP-Cre technol-nance of size and shape of PP but not for FDC develop- ogy (see Supplemental Data at http://www.immunity.com/cgi/
ment in PP of adult mice. Interestingly, FDC population content/full/239/DC1). LT KO mice were bred and genotyped as
in PP was resistant to soluble LTR-Ig fusion protein described (Alimzhanov et al., 1997). C57BL/6 wild-type mice,
(Dohi et al., 2001). Moreover, RAG KO mice contain some C57BL/6 scid mice, C57BL6 Igh6 (C57BL/6J-Igh-6 tm1Cgn) mice, and
C57BL/6 Rag1 mice were obtained from The Jackson LaboratoryFDC cells in their rudimentary PP (Debard et al., 2001),
(Bar Harbor, ME). CD19Cre knock-in mice (Rickert et al., 1997) wereindicating that the development of at least a fraction of
kindly provided by Dr. R. Rickert (University of California). Lck-CreFDC is independent of any signals provided by T or B
transgenic mice (Takahama et al., 1998) were kindly provided by Dr.
lymphocytes. J. Takeda (Osaka University). All mice were housed under specific
Based on the data obtained through analysis of B-LT pathogen-free conditions.
KO mice, we propose the following model of the devel-
opment of FDC (Figure 7). Development of FDC precur- Immunohistochemistry
Immunohistochemistry was performed on frozen sections as de-sors is regulated by different signals in different second-
scribed (Kuprash et al., 1999). All antibodies were from BD Phar-ary lymphoid organs. The majority of FDC in the spleen
mingen (San Diego, CA) unless indicated otherwise. FDC-M1 andis regulated by LT-expressing B cells, while the majority
FDC-M2 (Kosco et al., 1992) were generously provided by Dr. M.
of FDC in LN and PP is independent of LT expression Kosco-Vilbois (Serono Pharmaceutical Research Institute, Geneva,
by B cells. The second signal for splenic FDC appears Switzerland), anti-sialoadhesin (CD169) and MOMA-1 were from
to be the same LT but provided by T cells. The nature Serotec Inc. (Raleigh, NC), and ER-TR9 was from Bachem/Peninsula
Laboratories Inc. (San Carlos, CA). For double CR1/B220 labeling,and origin of signals driving FDC development in LN
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